The formation of High-Salinity Shelf Water (HSSW), which is the major source of Antarctic bottom water (AABW), has been observed in Terra Nova Bay (TNB) in Antarctica. We believe a description of the spatio-temporal variation of salinity in TNB would help understand the production of HSSW in the region. Hence, the aim of this study is to investigate salinity variations in the Drygalski Basin (DB) and eastern TNB close to Crary Bank of the Ross Sea. For this, we use the moored and profiled 15 hydrographic data, as well as available wind and sea-ice products. We found that deep-ocean salinity in the eastern TNB (~660 m) and DB (~1,200 m) increases each year starting in September, and large amounts of salinity increase (> 0.04) were observed in 2016 and 2017. According to the velocity data observed at the same depths, the increases in salinity from September were due to the advection of HSSW from the coastal region of the Nansen ice shelf (NIS). The significant increases in salinity are related to the formation of active HSSW, evidence of which can be found from the HSSW properties obtained in February 20 2017 and March 2018. In addition, we show that HSSW can locally formed in the upper layer (< 300 m) of the eastern TNB by wind-driven mixing. HSSW in the upper layer was only detected in 2016 and 2017 when much saltier HSSW was observed below 800 m. This indicates that brine supply related to the development of polynya by winds has contributed to the HSSW formation not only near the NIS, but also in the eastern TNB. Moreover, as compared with historical observations, salinity of HSSW has been increasing since 2016 and, in 2018, it became similar with that in the early 2000. The observation of 25 fluctuations such as this, which contrasts with past freshening, could contribute to estimating properties of recently formed AABW and improving the accuracy of both regional and global climate models.
2015, January-February 2017, and March 2018 (Table 1) , although the locations of the profiles varied from year to year depending on sea ice and priorities in cruise (Fig. 1) . Profiles of horizontal currents (5-m interval) were measured using a 100 lowered acoustic Doppler current profiler (LADCP) instrument attached to the CTD frame. The LADCP data were processed (Thurnherr, 2004 ) and velocities were de-tided using all ten available tidal components from CATS2008 (Circum-Antarctica Tidal Simulation model) (Padman et al., 2002) .
In order to directly compare the present work with results of previous studies (Budillon and Spezie, 2000; Budillon et al., 2002; Budillon et al., 2011; Orsi and Wiederwohl, 2009 ), we use the practical salinity scale, rather than the thermodynamic equation 105 of seawater (TEOS)-10 (McDougall and Barker, 2017) results. We return to this point in Sect. 4. Potential densities ( ) over 28 kg/m 3 were used as a criterion for the properties of the HSSW, to distinguish the HSSW from TNB ice shelf water (TISW) (Fig. 3) . TISW is the product of mixing between meltwater from ice-shelf melting and HSSW (Rusciano et al., 2013) .
Wind and sea-ice data
The hourly wind data (2014) (2015) (2016) (2017) (2018) observed at the Automatic Weather System (AWS) Manuela station (Ciappa et al., 2012; 110 The AWS Manuela station is situated such that it is within the pathway of the katabatic winds along the Reeves Glacier, making it the best option to detect the katabatic winds blowing over TNB (Ciappa et al., 2012; Sansiviero et al., 2017) . 115
The three-hourly 10-m wind and 2-m air-temperature data, provided by the ERA-Interim reanalysis data set (Dee et al., 2011) , are also used to identify the atmospheric conditions at TNB from January 2014 to March 2018. A grid size of 0.75° × 0.75° is attributed to the data set. The averaged wind at the AWS Manuela station is approximately four times faster than that provided by the ERA-Interim reanalysis data, but its direction is nearly the same with that at the grid located near Manuela (about 6° difference) (Fig. 4a) . ERA-Interim is a spatially smoothened product with a grid that is generally too coarse to 120 resolve steep glacier slopes, which may be the reason for the large difference in wind speed compared to the observed data (Fusco et al., 2002; Dee et al., 2011) . However, variations of eastward (225° ≤ ≤ 315°) wind speed at Manuela are significantly correlated (99% confidence level) with ERA-Interim retrieved values from TNB, including the region near DITN, from July 2014 to March 2018 (correlation coefficient (r) > 0.70) (Fig. 4b) . The eastward winds detected by the Manuela station are synchronised with the wind in terms of occurrence and speed variability in all regions of TNB, despite the wind 125 speed being slower offshore. In addition, the daily air temperature observed in Manuela also has a significant r (> 0.90) with that from ERA-Interim (Fig. 4b) .
We also investigated the daily ARTIST (Arctic Radiation and Turbulence Interaction Study) sea-ice algorithm concentration products with a grid spacing of 3.125 km from the Advanced Microwave Scanning Radiometer 2 data set (Spreen et al., 2008) .
The selected data period is from July 2014 to March 2018, and the data domain is within the McMurdo Sound (Fig. 4a) . We 130 applied the same continental masking obtained from the recent data and defined regions of sea-ice concentrations below 20% as open water (Parkinson et al., 1999; Zwally et al., 2002) . Lastly, the topographic data are from the International Bathymetric Chart of the Southern Ocean (IBSCO).
Results

Deep-ocean salinity variations in TNB 135
Deep-ocean salinity observed in a mooring located in the eastern TNB (DITN, a blue diamond in Fig. 1 ) clearly exhibits interannual variations during 2015-2017 (Fig. 5a) . Moreover, at approximately 660 m, during a span of three years, it significantly increases from 34.80 to 34.85, although there were some periods where the salinity decreased by 0.01-0.02 (Fig.   5a ). The annual cycle of salinity begins increasing from September (Fig. 5a ), and the change in salt contents (Fusco et al., 2009 ) is estimated as 2.84, 7.64, and 5.23 μg salt/m 3 /s from September to October of 2015 October of , 2016 October of , and 2017 Seawater properties during this period are included in the range of HSSW (blue dots in Fig. 6) ; therefore, the relatively large salt change in 2016 and 2017 is an indication of active HSSW formation during the austral winter in TNBP.
The evidence for active HSSW formation during April to October of 2016 and 2017 is still observed 3 and 5 months later, in January 2017 and March 2018, respectively (Fig. 3) . The maximum salinity of HSSW found during January-February 2017 (2016/17) and in March 2018 (2017/18) was higher than that in the preceding surveys from April to October of 2016 and 2017, 145 respectively (Fig. 3) Fig. 3 ), so its effect on the changes of deep-ocean salinity in TNB are limited.
Vertical profiles of CTD also have features consistent with the -S diagram (Fig. 7) . A quasi-homogeneous bottom layer below 800 m represents the HSSW formed just before the austral winter (Fig. 7) . Its salinity is relatively high in the 2016/17 150 and 2017/18 surveys (Fig. 7a; peak salinity, 34.83 and 34.85, respectively) . Such a high-salinity water mass can form only in TNBP (Orsi and Wiederwohl, 2009 ). Thus, active HSSW formation in TNBP during the austral winters of 2016 and 2017 increases salinity of the water at 660 m of DITN mooring.
The latter two surveys were conducted in the late austral summer (January-February 2017 and March 2018); therefore, fewer amounts of saline (dense) seawater in the upper depths and a strong salinity (density) gradient between the upper and lower 155 layers were observed (Figs. 7a and 7c ). The TISW, characterised by its potential temperatures lower than the freezing point at 50 m (approximately -1.95°C) and a salinity of approximately 34.73 (Budillon and Spezie, 2000) , was observed from 300 to 600 m in 2016/17 and 2017/18, but not in the surveys in December (2014/15 and 2015/16) (Fig. 3 and Fig. 7b ). It seems that the meltwater outflow from nearby ice shelves occurs in late summer.
However, the timing of salinity increase at the DITN occurs approximately 1-2 month later than that observed at mooring D 160 (a triangle filled with black in Fig. 1 ) 33 km northwest of DITN (Rusciano et al., 2013) . Saline seawater over 34.80 is only formed in TNBP, which is the reason behind the salinity increase measured in September. According to the current measurements obtained at the same depth (~660 m) as the salinity, flows are almost southward and slower than 4 cm/s (blue arrows in Fig. 5b ). Southwestward flows are mainly observed during the periods of increased salinity and southeastward flows are episodically detected (Fig. 5b) . The mean direction of the current is southwestward (191°) and its mean speed is 165 approximately 1.5 cm/s during the August-November period of three years (a blue arrow in Fig. 1 ). It is assumed that the HSSW propagating into the eastern TNB for a month along the mean current, HSSW would come from 40 km of DITN in northern direction. Moreover, HSSW is known to be formed near the NIS during the austral winter and propagates towards the centre of TNB along 800-1,000-m isobaths ( Fig. 1) (Rusciano et al., 2013) . Thus, we conclude that the deep-ocean salinity in the eastern TNB has increased since September due to the southward advection of HSSW from the centre of TNB (75°S, 165°E) 170 near mooring D.
The one-year of moored hydrographic data from the deepest depth of DB (DITD, a magenta star in Fig. 1 ) also captures the salinity variation feature demonstrated during the third leg of DITN mooring (a magenta line in Fig. 5a ). The salinity in the deepest part of TNB also begins to increase from September, and the salt change from September to October 2017 is estimated as 6.66 μg salt/m 3 /s (Fig. 5a ). Seawater properties observed from DITD are also included in the range of HSSW (magenta dots 175
in Fig. 6g-6i ). However, northwestward currents are observed at a similar depth of salinity as that from DITD (1,222 m) during the observation periods (Fig. 5b) . The mean direction of the current is northwestward (300°), and its mean speed is approximately 3.0 cm/s during August-November 2017 (a magenta arrow in Fig. 1 ). The maximum salinity measured at DITD is larger than that at DITN (Fig. 5a ), so the salinity increase in DITD is not related to the northwestward advection of HSSW from the eastern TNB. Consequently, the current observed from DITD is considered as a part of the circulation in the deepest 180 parts of DB along the 1,000 m isobath. In other words, HSSW flowing into the DB from the NIS would circulate over the DB, which is being detected at DITD since September 2017. The circulation in the DB is discussed further in Sect. 4.2.
Upper ocean salinity variations in the eastern TNB
Salinity was observed at around 75 and 273 m to investigate the variations in the upper water column of the eastern TNB (Fig.   8a ). In contrast to the salinity at 660 m, salinity in the upper depths show a distinct seasonal variation. Salinity at both 75 m 185 and 273 m decreased, while salinity at the upper depth decreased to below 34.0 in February of each year (Fig. 8a) . Thereafter, the salinity of the two layers start mixing, as the salinity increases (decreases) at 75 (273) m. The salinity of the two layers then increases in tandem from May to October (Fig. 8a) . In December, mixing of the two layers ceases and their salinity difference becomes larger again (Fig. 8a) . The reduction in mixing is due to changes in buoyancy as a result of ice melting at the surface during the austral summer. 190
We have noted that the period where these layers are well mixed has become shorter over time ( (Fig. 1) . The currents could be the Ekman currents driven by the northeastward winds blowing across the DIT (Fig. 4a) or the geostrophic currents induced by a latitudinal gradient of 210 sea-surface height near the DIT. These would be the phenomena confined in coastal regions due to the existence of DIT (~300 m thickness). However, from these observations, only the upper water columns of the DITN seem to be affected by seawater from the eastern part of TNB during periods of increased upper level salinity. As identified in previous studies, farther away TNB, water masses are less saline due to mixing with CDW or due to MCDW intruding the western Ross Sea (Orsi and Wiederwohl, 2009; Fusco et al., 2009; Budillon et al., 2011) . 215
Thus, the salinity increase in the upper layers is related to the local brine supplied by sea-ice formation near the DITN region, rather than an advection of saline water from the western Ross Sea. As a result, the salinity (density) variations in the upper layers exhibit formation of dense water in the polynya via wind-driven mixing (Fig. 8a) . In addition, the HSSW found in the upper layers during the months of August to October of 2016 and 2017 ( Fig. 6d-6i , and 8a) implies that it could be formed by the open-ocean convection in the eastern TNB, as suggested by model studies on TNBP (Buffoni et al., 2002; Mathiot et al., 220 2012) .
Types of HSSW
We found that the deep-ocean salinity began to increase since September and the HSSW was detected in the upper depths of DITN during August-October ( Fig. 5a and 6 ). From numerical modelling, a water column in TNB can be mixed to a depth of 750 m, forming an HSSW layer from the surface to this depth (Buffoni et al., 2002; Mathiot et al., 2012) . That is, the increase 225 of the deep-ocean salinity (660 m and 1,208 m) observed in 2016 and 2017 may be partly induced by the local formation of HSSW combined with the advected HSSW from the centre of TNB. However, the salinity time-series at 660 m is poorly correlated with the salinity variations in the upper depths of DITN during September-October 2016 and 2017 (r < 0.30), and its value is nearly as large as that observed in the upper water column (Figs. 6 and 8a ). This means that the mixed layer does not extend to 660 m in the eastern TNB and the higher salinity in the deep layer comes from the other regions in TNB, not the 230 surface of DITN. Thus, in this case, HSSW formed in the eastern TNB needs to be distinguished from that produced in the coastal region of NIS. Its movement in the upper layers of TNB or its influence on the eastern TNB would be also interesting research topics; however, these types of HSSW are difficult to investigate with the current observational data used in this study.
Role of winds in TNBP
The wind in TNB is primarily westerly, and on an average creates an L-shaped polynya along the NIS and DIT, as shown by 235 a contour line of 50% sea-ice concentration in Fig. 4a . The easterly winds measured at Manuela effectively open TNBP during the austral winters of the three years (Fig. 9) . The r between daily wind speed (a blue line in Fig. 9 ) and the percentage of open water (sky blue bars in Fig. 9 ) is 0.46 during April to October of 2015, 2016, and 2017, which is significant at a 99% confidence level. In the austral winter of each year, the r is 0.49, 0.50, and 0.37, and all values are significant at a 99% confidence level (Fig. 10) . The period from the end of June to July 2017, when the open water did not expand greatly despite the strong winds, 240 affects the estimation of the lowest r in the 2017 austral winter (Fig. 10c) . The weak response of the polynya to these winds seems to be associated with a blocking effect of sea-ice in the offshore region (Tamura et al., 2016) .
As inferred from the hydrographic surveys of TNB, HSSW had more actively formed in 2016 and 2017 than in 2014 and 2015; therefore, the deep-ocean salinity increased during late 2016 and 2017. It was suggested that the HSSW formation near the mooring D is more dependent on the duration of single katabatic wind events, than on their frequency during April-October 245 (Rusciano et al., 2013) . In line with the wind observations by the Manuela station, among the three years, katabatic wind events occurred most frequently from April to October 2017 (210 events) (see wind speeds over 25 m/s in Fig. 10 ). The mean duration of a single katabatic wind event during these 7 months in the years 2015, 2016, and 2017 is estimated as 6.5, 7.0, and 7.7 hour, respectively. Moreover, the average length of time for which the polynya is open (> 20 % open water) during the same periods is calculated as 5.8, 6.7, and 7.7 day, respectively. These data suggest that, during the four years of the study, the austral winter 250 of 2017 is when the HSSW formation is the most active.
In addition, during September to October of 2016 and 2017, the upper layers of the eastern TNB also experienced the production of HSSW via convective processes after the development of a mixed layer. This means that the katabatic windsconsidered pivotal to the development of a polynya (Fig. 9) The rate of increase in salinity itself had increased during the April months of 2015 to 2017, due to stronger winds and a higher percentage of open water in TNB (Fig. 10) . The faster rate of change of salinity is led by faster mixing; therefore, in May 2017, 260 the rate of change of salinity at both 75 and 273 m became positive ( Fig. 8a and 10c) . In May 2015 and 2016, the rate of change of salinity is positive only at 75 m, while it was slightly larger in 2015 due to stronger winds (> 20 m/s) in early May (Figs.   10a and 10b) .
Second, the high-speed winds (> 20 m/s) persistently blowing from late May to early July of 2016 create 50% more open sea in TNBP, and the rate of change at the two depths becomes positive and larger in June 2016 (Fig. 10b) . In June 2015, a positive 265 rate is observed at the two depths, but only a slight increase at 273 m (~0.025/month) is observed due to relatively weak winds and polynya development compared to those in 2016 (Figs. 10a and 10b ). In addition, salinity in the upper depths increased by over 40% in June 2017 in relation to the developments of TNBP, due to the winds blowing from early June to mid-June 2017 (Fig. 10c) .
Third, both wind speed and open water area have decreased since June 2016. Consequently, the rate of change of salinity in 270 the upper layers has remained below 0.05/month after June 2016 (Fig. 10b) . On the contrary, the rate of increase in July 2015
and July 2017 became larger than in the previous month, because of higher wind speeds in July 2015 and July 2017 relative to June 2015 and June 2017 (Figs. 10a, 10c ). However, after July 2015, the rate of increase has been constantly decreasing with the decrease of wind speed (Fig. 10a) . During August-September 2017, the winds were still strong but could not effectively open TNBP; therefore, the rate of change of salinity continued to decrease until October (Fig. 10c) . 275
In summary, the mixing process during early 2017 is the fastest among the three years due to relatively strong winds from 
Discussions
Despite being a small, confined polynya, TNBP generates a substantial proportion of the global AABW. Understanding the supply of HSSW, and ultimately AABW, requires focus on processes at small scales from a regional perspective. Here, behaviours of HSSW in TNB are investigated with the spatio-temporal variations in salinity observed in the eastern TNB and 285 DB.
The present data in the context of previous analyse
The mooring D (Fig. 1) data of TNBP have shown seasonal variation of stratification in the water column and interannual variation of HSSW properties, which are closely associated with the polynya activity (Rusciano et al., 2013) . This proves that HSSW is produced during the austral winter, and a series of katabatic wind events in a certain period of time during the austral 290 winter controls the HSSW properties. Data gathered for this study has revealed that HSSW could also form at the surface of the eastern TNB by wind-driven mixing and the same polynya process as that involved in the vigorous formation of HSSW near the NIS. In addition, it was found that the large increases in salinity (> 0.04) observed in the deepest part of the DB and eastern TNB are due to the advection of HSSW and not the sinking HSSW directly from the surface at the mooring locations.
The HSSW formed near the NIS arrives at these depths within a few months; thus, HSSW is evenly distributed over TNB 295 during the austral summer. In other words, the salinity of HSSW averaged in the eastern part of 164.5°E (34.802) shows no difference with that in the western part of 164.5°E (34.802) during the CTD observation periods. As a result, DITN, DITD, and four hydrographic surveys, along with the previous data from the mooring D, reveal spatio-temporal variations in the production of HSSW and the movement of HSSW in TNBP.
Hydrographic data have been collected from TNB for more than 20 years, and the longer-period variation of HSSW (~5 year) 300 could be re-visited. However, each data set would contain an artificial uncertainty induced by the sensors' calibration date, sensor types, data processing tool, and other factors. Here, the potential temperature and practical salinity were used to ensure consistency of results with the previous studies; however, in future studies, HSSW in TNB need to be re-defined with a conservative temperature and absolute salinity (TEOS-10), to reduce uncertainties in the long-term trend of HSSW properties, and find a quantitative relation with properties of water masses in the other regions. 305
Circulations in TNBP
For the austral summer (December-March), westward currents flowing along the DIT and northward currents along the NIS are found from the de-tided LADCP current data averaged over a depth range of 400-700 m (Fig. 11a) . The currents resemble a cyclonic pattern together with the southeastward currents in the eastern TNB, despite southward currents heading for the DIT along the 800-1000 m isobaths (Fig. 11a) . However, southeastward currents crossing over from the NIS to the DIT were 310 rarely observed in TNBP. The direction of the ocean current at 660 m of the DITN was stable during December 2014-March 2018 (Figs. 5b and 8c) . Therefore, if the circulation pattern is assumed to be maintained throughout the year, then HSSW formed near the NIS may circulate clockwise, arriving in the DITN around September and inducing an increase in salinity, rather than directly propagating southeastward to the DITN. Furthermore, the wind-forcing-driven cyclonic gyre in the upper The bottom currents in the DB flow under the influence of gravity (Jendersie et al., 2018) , however, it is still not clear how the HSSW flowing under greater depths is circulated over the DB. Despite this, the LADCP data of December-March shows little seasonal variation of the current direction at DITD, which can be an indication for the circulations in the DB region (> 1,000 320 m). The southwestward currents are shown in the northeastern part of the DB, while the northwestward and northeastward currents are identified in the southern and western region of the DB, according to the currents averaged from 900 m to the seafloor in the austral summer (Fig. 11b) . The currents resemble a cyclonic circulation confined in the DB, which is different from the upper cyclonic gyre in TNB (van Woert et al., 2001) . In other words, the HSSW propagating into the DB circulates cyclonically in this region and can be detected at DITD from September. Together with the Ross Ice Shelf polynya, the DBregion is regarded as an outflow path of the HSSW towards the Ross Sea. Therefore, the circulation pattern in this region also needs to be investigated by acquiring more in situ ocean current data and ocean circulation models.
TNBP mechanical scales
It is useful to consider the range and scale of the physical processes active in TNBP. HSSW produced near the NIS spreads horizontally into the eastern TNB (~35 km) and the DB (~25 km), at current speeds slower than 5 cm/s, in less than 2 months 330 (from July to September). It also sinks vertically to the deepest depth of the DB (~1,200 m) at the same time. If it is assumed that the circulation in TNBP has a radius of 25 km (about one longitudinal degree), then it can be deduced that the HSSW circulates cyclonically about 80 km from the NIS to the eastern parts of TNB, which takes about one month at a current speed of 3 cm/s. In this case, the process of sinking would take less than one month at an average velocity of 0.05~0.07 cm/s. The vertical velocity might be on a scale about 10 -2 that of horizontal velocities in TNBP, which is regarded as a reasonable result 335 in the ocean. TNBP usually forms as an L-shape, similar with model-derived polynya (Sansiviero et al., 2017; Fig. 4a (Fig. 4a) . It accounts for about 5 % of the sea ice production area in Ross Ice Shelf polynya (Cheng et al., 2017) . In the eastern TNB, wind-driven mixing from the surface to a depth of 273 m occurs within 3 340 months (from March to May). The homogenous mixed layer is maintained above 273 m during the austral winter due to the persistent, strong winds, and the water column is stratified again from December. The opening of TNBP by westerly winds blowing from across the NIS occurs over the span of a day, and in this time the percentage of the open water can vary by up to ±40%. The mean duration of the polynya opening is about 6.7 day during the austral winter in the analysis period. Salinity values at 75 m and 273 m have increased from June or July (i.e., after the development of a mixed layer from the surface to a 345 depth of 273 m), which indicates that brine rejection by sea-ice formation begins during that period.
Quantification of sea-ice production
The wind-driven polynya opening of TNBP is highly correlated with the monthly rate of change of salinity in the upper layers of the eastern TNB (Fig. 10) . Therefore, the precise quantification of sea-ice production and brine formation in the polynya region is needed for an in-depth understanding of dense-water formation processes. However, current data of brine supply by 350 sea-ice formation in the polynya provided insufficient constraints. According to the previous results obtained using the ERAInterim data set (Tamura et al., 2016) , the estimated amounts of sea-ice production in TNBP has a high correlation (r = 0.96) with thin ice area (< 0.2 m), but exhibit a poor correlation (r < 0.3) with the offshore winds from the NIS and air temperature in TNB (see Table 1 in Tamura et al., 2016) . This implies that the reanalysis data set did not reflect the air-sea heat exchange induced by winds blowing over TNBP or the differences in temperature between the ocean and the atmosphere in TNBP. 355 HSSW production was estimated using the changes in the heat flux averaged over TNB (Fusco et al., 2009) ; however, in near future, spatio-temporal variabilities in surface heat flux should be also investigated to determine the spatial variations in the functioning of the polynya in TNB over time. Therefore, in situ data should be collected continuously to validate reanalysis data sets and suggest spatial and temporal relationships among wind speed, heat flux, sea-ice production, and the brine effect in TNBP. In addition, algorithms should be developed to accurately process satellite data or new satellite observations to 360 extract data on small-scale ice formations such as frazil ice.
Conclusions
This study investigated the spatial patterns and temporal changes in HSSW formation in TNBP during the period December 2014-March 2018 using a large, collaboratively produced data set. We found that HSSW that formed near the NIS flows along cyclonic pattern currents in the deeper depths of TNBP and influences the eastern TNB and the deepest depth of the DB since 365 September (Fig. 12) . Due to this, the timing of the salinity increase is about two months later in the eastern (offshore) parts of TNB than in the western (nearshore) parts. Moreover, we found that katabatic winds blowing from across the NIS drive both the formation of HSSW near the NIS, and general increases in salinity by mixing layers of water and the polynya activity in the upper depths of the eastern TNB (Fig. 12) . These findings answer the three research questions proposed in Sect. 1, and complement to the results of previous research on HSSW formation in TNBP. 370
Large-scale freshening of AABW sources (including HSSW) has been reported in the Ross Sea and TNB in the recent decades (Jacobs et al., 2002; Fusco et al., 2009; Jacobs and Giulivi, 2010) . The intensification of Southern Hemisphere westerlies (in association with a more positive phase of the Southern Annular Mode) was proposed as a possible driver of the ice-sheet melting and the corresponding seawater freshening upstream of the Ross Sea, because they induce an upwelling of the warm water in the Amundsen and Bellingshausen Seas (Jacobs and Giulivi, 2010) . In addition, sea-ice production variability is 375 expected to play a large role in the HSSW formation (Jacobs and Giulivi, 2010) . (Table 1) . In other words, the salinity of HSSW formed in TNBP becomes increases again, and its value corresponds to those observed in the early 2000 (Fusco et al., 2009) , although not an absolute salinity. The HSSW formed in TNB could flow off the shelf break along Victoria Land (Cincinelli et al., 2008; Jendersie et al., 2018) , which 380 also contributes to volumes or properties of AABW in the western Ross Sea. However, the response of overturning circulations in the Southern Ocean to regional anomalies in buoyancy forcing have not been investigated (Rintoul, 2018) , which is yet another limitation. Nevertheless, we will have to focus on the recent changes in salinity in the western Ross Sea, including TNB, with atmospheric and sea-ice conditions, and other observational results during the 2010s. Additionally, we will also have to keep monitoring ocean changes in TNBP. 385
Data Availability
The observational data used in this study are held at the Korea Polar Data Center (https://kpdc.kopri.re.kr) and metadata DOIs The recorded depth of sensors from DITD are also shown by a magenta line. The SBE, RCM, and AQD represent the SBE37SM, RCM9, and Aquadopp current meters, respectively (see 510 details in Table 1 Table 1 . Information for four oceanographic surveys and data observed from DITN and DITD. U, V, T, C, and P represent the east-west current speed, north-south current speed, temperature, conductivity, and pressure, respectively. S, R, and A are instrument's abbreviations for SBE37SM, RCM9, and Aquadopp current meter, respectively. 
